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Introduction
Autoimmune hepatitis (AIH) is a severe form of liver disorder. Similar to many types of autoimmune diseases, it affects more females than males and is characterized by increased aspartate aminotransferase (AST) and alanine aminotransferase (ALT), serologically by the presence of autoantibodies and increased levels of immunoglobulin-G (IgG) and histologically by interface hepatitis (1) (2) (3) . There are two types of AIH, type-1 (AIH-1), positive for anti-smooth muscle (SMA) and/or anti-nuclear antibodies (ANA), and type-2 (AIH-2), positive for anti-liver-kidney microsomal type-1 (anti-LKM1) and/or anti-liver cytosol type-1 (anti-LC1) antibodies (4), though some AIH-2 patients are also positive for ANA (5) . The autoantigen of anti-LKM1 has been identified as cytochrome P4502D6 (CYP2D6) (6) , whereas anti-LC1 recognizes formiminotransferase cyclodeaminase (FTCD) (7) , both autoantigens are expressed in hepatocytes. Previous studies suggested that anti-LKM1 and anti-LC1 may contribute to the autoimmune destruction of the liver (6, 7) .
Genetically, AIH-1 is strongly associated with genes encoding for human leukocyte antigen (HLA) class II DR3 (8, 9) and DR4 (10, 11) , while AIH-2 is associated with the possession of DR3 and DR7 (12) . HLA-DR3, therefore, is a genetic determinant of both types of AIH.
Moreover, HLA-DR3 is also associated with other autoimmune disorders including systemic 6 lupus erythematosus (13, 14) and type-1-diabetes (15, 16) .
Though AIH was described over 70 years ago (17) , the immunopathogenesis of the disease still remains unclear. We and others have shown that hepatocyte destruction in AIH is mediated by a Th1 immune response, but how the hepatic immune tolerance breakdown and what the role of genetic suceptiblity genes in tolerance breakdown are not fully understood.
Lack of an appropriate animal model of human AIH has hindered our understanding of the immunopathogenesis of the disease. This has resulted in a delay in the discovery of more specific modes of treatment to replace the currently used immunosuppressive therapy, which is usually for life and can cause severe side effects. The stimuli used in some early animal models of AIH were non-liver specific, which might explain the development of only mild and/or transient biochemical and histological changes (18, 19) . More recent studies have shown that immunization with liver autoantigens can induce liver damage similar to human AIH, though the disease course and the biochemical and/or histological features fall short of mirroring it faithfully (20) (21) (22) (23) . To study the role of autoimmune suceptibility genes, in particular HLA-DR3, we generated human HLA-DR3 transgenic mouse on the non-obese diabetic (NOD) genetic background, which harbors numerous autoimmune susceptibility genes, such as IL-2 receptor, PTPN22 and CTLA-4 (24) (25) (26) . Immunization of HLA-DR3 NOD mice with liver autoantigen CYP2D6/FTCD encoding plasmid DNA leads to autoimmune liver damage with i) elevated alanine aminotransferase; ii) interface hepatitis and fibrosis; iii) enhanced Th1 and Th17 T-cell responses and iv) the production of ANA and anti-LKM1/anti-LC1 autoantibodies. Moreover, these mice have reduced frequency of liver CD4 + CD25 + Foxp3 + T regulatory cells (Treg). Our results show that HLA-DR3 NOD mice 7 do faithfully mirror human AIH. This novel mouse model of human AIH can be used for elucidating the pathogenesis of the disaese and for pre-clinical testing of immunotherapies in vivo.
Materials and Methods

Animals
Wild type (WT) NOD mice were obtained originally from the Jackson Laboratories (Bar Harbor, ME,USA) and maintained at Yale animal facility for nearly 30 years. HLA-DR3 transgenic NOD mice were generated by back-crossing HLA-DR3 C57BL/10 mice (27) to the NOD background for >10 generations. All the mice used in this study were 6-10 weeks old and housed in specific-pathogen-free (SPF) conditions with autoclaved food and bedding in individually-ventilated filter cages. All the studies were approved by the Institutional Animal Care and Use Committee of Yale University.
Reagents
Generation of CYP2D6/FTCD DNA construct has been reported previously (20) . The plasmid DNA was transferred to E coli competent cells and purified with endotoxin-free plasmid purification kit (Qiagen,Valencia, CA, USA) after overnight culture. CpG-ODN (2395, type C) was synthesized by Keck Facility at Yale University. All the monoclonal antibodies used in this study were purchased from BioLegend or eBioscience both (San Diego, CA, USA). 8 CYP2D6/FTCD plasmid DNA (100 g/mouse) together with CpG-ODN 2395 as an adjuvant (75g/mouse) in PBS were emulsified with an equal volume of Incomplete Freund's Adjuvant (IFA, Sigma, USA). HLA-DR3 NOD mice were immunized with 100l of the above antigen mix by intraperitoneal injection. A separate group of HLA-DR3 NOD mice were injected with CpG-ODN and IFA as control. We also immunized two groups of HLA-DR3 transgene negative NOD mice with antigen mixture or adjuvant control. All the mice were boosted twice with a 2-week interval. The experiment was terminated 6 month after primary immunization. Liver tissue was fixed in 4% phosphate buffered formaldehyde and embedded in paraffin and assessed blindly, using the METAVIR score (28) and the Ishak modified (mISHAK) histological activity scoring system (29) . Tissue sections were stained with haematoxylin-eosin, Sirius-Red or Methyl-green-pyronin to investigate liver inflammation, fibrosis or plasma cell infiltration respectively. None of the mice used in the study developed diabetes.
Immunization and liver histology
Measurement of serum alanine aminotransferase (ALT)
The level of serum ALT was measured using an ALT kit (Cayman Chemical, Ann Arbor, MI, USA) according to the manufacturer's instructions.
Liver autoantibody specific Enzyme-Linked Immunosorbent Assay (ELISA)
ANA was tested by indirect immunofluorescence assay on tissue mosaic slides (Euroimmun, Lübeck, Germany) using fluorescence microscopy. Anti-LKM1/anti-LC1 autoantibodies were measured by ELISA as described by Lapierre (30) . Briefly, the fusion protein produced by the pMAL-cR1-CYP2D6-FTCD plasmid (human CYP2D6/FTCD) was purified 9 and used as antigen in the ELISA (0.2µg/well). An antiserum was considered positive if the optical density (OD) reading was over 2 times higher than the mean OD of the pre-immune mice serum sample, which was then converted to the serum dilution at the positive OD readings. Serum samples were diluted from 1:50 to 1:400.
Isolation of mononuclear cells and flow cytometry
Prior to tissue harvesting, mouse liver was first perfused with sterile PBS via the portal vein and weighed. After homogenizing the liver tissue, liver mononuclear cells (LMNCs) were harvested at the interface of a 40% and 80% Percoll (GE Healthcare, Piscataway, NJ, USA) by discontinuous gradient centrifugation. Residual red blood cells (RBC) were lysed with RBC lysis buffer (eBioscience). The LMNCs were then washed with PBS before staining with monoclonal antibodies (mAbs). The splenocytes (SMNCs) were obtained after homogenization and lysis of RBCs with lysing buffer and stained with mAbs. The expression of different surface markers and intracellular cytokines (ICC) in LMNCs or SMNCs was analyzed by flow cytometry as described previously (31) . Bone marrow dendritic cells (BMDC) were generated as described previously (32) .
T-cell purification and proliferation assay
Splenic CD4 + T-cells were purified using negative selection by magnetic beads. Briefly, total splenocytes were incubated on ice for 30 min with anti-CD8 T-cell (TIB-105, to remove CD8 + T-cells), and anti-IA g7 (10.2.16) to remove MHC-class-II + macrophages and DCs.
After washing, the cells were incubated with magnetic beads conjugated with anti-rat IgG (all the above mAbs are of rat origin) and anti-mouse IgM and IgG (to remove B-cells) for 45 min on ice. Non CD4 + T-cells were removed by a magnetic separation. The purity of CD4 + T-cells was routinely over 90% as examined by flow cytometry.
Antigen specific CD4 + T-cell responses were tested by culturing purified splenic CD4 + T-cells (10 5 /well) with irradiated BMDC (10 4 /well) in the presence or absence of CYP2D6/FTCD plasmid DNA or a mix (1:1) of two peptides, CYP2D6313-332 and CYP2D6393-412 (3g/ml), which are known to be HLA-DR3 restricted (33, 34) for 4-days. 3 H-thymidine was added during the last 16 hours of the 4-day culture. T-cell proliferation was evaluated by 3 H-thymidine incorporation in a beta plate counter (Perkin Elmer Wallace, Ohio, USA). We also performed antigen-nonspecific T-cell proliferation assays, in which T-cells were stimulated with anti-CD3 with or without anti-CD28 antibody. All the proliferation assays were performed in triplicates.
Treg suppression assay
To test the function of Treg cells, we evaluated the suppression of mixed lymphocyte reaction (MLR).
NOD splenocytes (1x10 5 /well) were stimulated with irradiated C57BL/6 splenocytes (5x10 4 /well) in the absence or presence of Treg cells (CD4 + CD25 + , 1.25x10 4 /well) purified using a Treg purification kit (StemCell Technology), from WT or HLA-DR3 spleens.
MLR was measured by 3 H-thymidine incorporation at the end of a 4-day culture. The suppression of MLR by Treg cells was calculated as the percentage of inhibition of MLR.
Serum immunoglobulin assay
Serum immunoglobulin (Ig) levels of different isotypes were determined by ELISA. All the reagents for Ig detection were purchased from Southern Biotechnology (Birmingham, AL, USA). The samples were diluted at 1:1,000 and assayed in triplicates. ELISA plates were read on a 1420 Multilabel Counter (Perkin Elmer, Ohio, USA). 
Real-time PCR
Gut bacterial DNA isolation and 16S rRNA gene sequencing
Gut bacterial DNA isolation and 16S rRNA sequencing was performed as previously described (35) . Briefly, total bacterial DNA was extracted from 0.25g fecal sample using the bead beating method described by Favier (36) with modifications. After purification, the V2 region of the 16S rRNA gene was used to amplify each DNA sample using a composite broadly conserved bacterial forward primer (5′-CATGCTGCCTCCCGTAGGAGT-3′) and
bar-coded broad-range bacterial reverse primer (5′-TCAGAGTTTGATCCTGGCTCAG-3′) 12 (35) . The PCR products were purified with a Qiagen (Valencia, CA, USA) gel extraction kit and quantified by NanoDrop. Each sample was then diluted to a concentration of 1×10 9 molecules/μl in TE buffer and pooled. The pooled sample was pyrosequenced with the GS-Titanium-454 sequencing system according to the manufacturer's instructions (Roche 454, Life Sciences Corp,Branford, CT, USA). The sequencing data were analyzed with QIIME software package (version 1.6) (37) to assign operational taxonomic units (OTUs).
Taxonomy assignment was performed at various levels using representative sequences of each OTU.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 5 software. Non-parametric two-way ANOVA or Student's t-test was used in most experiments and P values <0.05 were considered significant.
Results
HLA-DR3 NOD mice were susceptible to CYP2D6/FTCD induced liver injury
To test whether HLA-DR3 NOD mouse could be used as an AIH model, we immunized the mice with CYP2D6/FTCD plasmid DNA in adjuvant (CpG+IFA, n=9). We also injected HLA-DR3 NOD mice with adjuvant only as controls (n=7). To investigate if HLA-DR3
contributes to AIH induction, we immunized two groups of WT NOD mice with CYP2D6/FTCD in adjuvant or adjuvant alone (n=8/group). Serum ALT was monitored monthly. ALT was significantly elevated in HLA-DR3 NOD mice 3 months after immunization with autoantigen ( Fig. 1A) , whereas ALT levels remained normal in all the control groups. HLA-DR3 mice immunized with autoantigen showed the highest level of ALT compared to all controls at 6 months after immunization (Fig. 1A) . Though WT NOD mice immunized with CYP2D6/FTCD also showed a mild elevation of ALT four months after immunization with a further elevation at six months, remaining significantly lower than those in the HLA-DR3 counterparts (Fig. 1A) .
HLA-DR3 NOD mice developed anti-nuclear and anti-LKM1/anti-LC1 autoantibody after immunization
To investigate whether CYP2D6/FTCD induced liver injury in HLA-DR3 NOD mice was accompanied by autoantibody production; we tested ANA, anti-LKM1 and anti-LC1
autoantibodies. We found that HLA-DR3 mice developed higher ANA autoantibodies after CYP2D6/FTCD immunization compared to WT NOD and HLA-DR3 NOD control mice ( Fig.   1B ). Interestingly, both antigen immunized WT and HLA-DR3 NOD mice developed anti-LKM1/anti-LC1 autoantibodies, although the anti-LKM1/anti-LC1 titer was higher in the antigen immunized HLA-DR3 mice, while the difference was not significant in the WT NOD mice (Fig. 1C ).
HLA-DR3 NOD mice had increased mononuclear cell infiltration in the liver after immunization
To examine whether liver injury induced by CYP2D6/FTCD immunization resulted in liver enlargement, we weighed the liver when the mice were terminated. The liver weight was slightly higher in HLA-DR3 NOD mice immunized with autoantigen, although this was not 14 significant ( Fig.1D ). We next investigated liver immune cells in all 4 groups of mice. As shown in Fig. 1E , the absolute number of LMNC per gram liver weight was significantly higher in HLA-DR3 NOD mice immunized with autoantigen compared to control mice immunized with adjuvant only. WT NOD mice immunized with autoantigen also showed an increased number of LMNCs compared to the WT NOD mice injected with adjuvant only ( Fig. 1E ). However, HLA-DR3 NOD mice had the highest number of LMNC after CYP2D6/FTCD immunization ( Fig. 1E ).
HLA-DR3 NOD mice experienced more severe liver damage after immunization
To investigate whether HLA-DR3 NOD mice develop liver damage histologically similar to patients with AIH, we analyzed their liver pathology. We found mild immune cell infiltration in both WT and HLA-DR3 NOD mice immunized with adjuvant ( Fig. 2A,   control ). However, CYP2D6/FTCD immunization led to more severe immune cell infiltration ( Fig. 2A , CYP2D6/FTCD), especially in DR3 positive mice. Importantly, we found patches of necrotic liver tissue in HLA-DR3 NOD mice immunized with CYP2D6/FTCD (supplementary Fig.1A ), while this was not seen in WT NOD mice after immunization with the same antigen ( Fig. 2A) . The mice in the control immunized groups showed some mild inflammation ( Fig. 2A ). Furthermore, we found stage F1/F2 mild liver fibrosis based on the METAVIR score, in 50% of HLA-DR3 and ~25% WT NOD mice immunized with CYP2D6/FTCD (Fig. 2B ), albeit this difference did not reach a statistical significance. In addition, there was no fibrosis found in control immunized mice (Fig. 2B ).
Next, we analyzed fibrosis related genes including α-SMA, Lox, LoxL2 and TGF-β (38) in liver tissues by qPCR. Consistent with the histopathology, we did not find statistical 15 significance between immunized HLA-DR3 mice and the controls, although there was a clear trend of increased expression of LoxL2 and TGF-β in the immunized HLA-DR3 mice (supplementary Fig.1B) . Furthermore, the necrosis-inflammation score of the liver mISHAK, showed that HLA-DR3 NOD mice immunized with antigen had more severe liver damage compared to the antigen immunized WT NOD group (Fig. 2C ). In addition, we found that significantly more plasma cells, a hallmark of AIH, were present in portal fields of antigen immunized HLA-DR3. Interestingly, antigen immunized WT NOD mice also showed more plasma cell infiltration compared to their control immunized counterparts (Fig. 2D+E ).
HLA-DR3 NOD mice had increased hepatic T-cells but decreased Foxp3 + Tregs after immunization
Next, we examined the composition of liver infiltrated immune cells by flow cytometry.
There was a significant increase of CD4 + and CD8 + T-cells, both in frequency and absolute numbers, within the infiltrated hepatic inflammatory cells in HLA-DR3 NOD mice immunized with autoantigen whereas the numbers of B-cells, macrophages and dendritic cell were similar to control immunized mice (Fig. 3A) . We also analyzed the effect of CYP2D6/FTCD immunization and liver injury on regulatory T-cells and found a significant decrease of Foxp3 + Tregs frequency in LMNC from the HLA-DR3 NOD mice immunized with CYP2D6/FTCD compared to the control (adjuvant only) (Fig. 3B ). This reduction appeared only in the liver, as the frequency of Tregs in spleen remained unchanged (data not shown). However, when we analyzed absolute Treg cell number/gram liver tissue, we found that in the CYP2D6/FTCD immunized mice, whether WT or HLA-DR3, more Tregs were present than in immunized mice (Fig. 3C ). This was also restricted to the liver (data not 16 shown). We then investigated the suppressive function of Treg cells in a mixed lymphocyte reaction (MLR). Total splenocytes from naïve WT NOD mice were co-cultured with irradiated splenocytes from C57BL/6 mice in presence or absence of purified splenic Treg cells from naïve WT or HLA-DR3 NOD mice. The suppressive function of Treg cells from HLA-DR3 NOD mice was impaired compared to their counterparts from WT NOD mice;
adding Treg cells from HLA-DR3 NOD mice in the MLR did not significantly suppress the allo-reaction (Fig. 3D+E ).
HLA-DR3 NOD mice increased numbers of inflammatory cytokine-producing T-cells in the liver after immunization
To determine if there were any functional changes within LMNCs in response to autoantigen immunization, we examined their post-immunization cytokine profile. We found that there was a significant decrease in IL-4 producing CD4 + T-cell number in LMNCs from HLA-DR3 mice after antigen immunization compared to the control HLA-DR3 mice (Fig. 4 A+B) . In contrast, IL-17 producing CD4 + T-cells were significantly increased in the autoantigen-immunized mice compared with the control group ( Fig. 4 C+D) . Inflammatory cytokine-producing CD8 + T-cells were also significantly increased ( Fig. 4 E+F and G+H, for IFN-γ and TNF-α producing CD8 + T-cells, respectively). There was a trend towards an increase for another inflammatory cytokine, IL-6, by T-cells, macrophages and DCs but this did not reach statistical significance (data not shown). We did not find any difference in the immunoregulatory cytokine IL-10-producing immune cells among all the groups analyzed (data not shown).
T-cells from HLA-DR3 NOD mice responded to CYP2D6/FTCD in vitro after immunization
To investigate the CYP2D6/FTCD autoantigen specific T-cell response, we performed proliferation assays following CYP2D6/FTCD plasmid stimulation using purified splenic or hepatic CD4 + T-cells from HLA-DR3 positive and negative mice immunized with the autoantigen. Splenic T-cells showed significant response to the antigen in immunized HLA-DR3 positive, but not negative mice (Fig. 5A) , however, most of the hepatic CD4 + T-cells, regardless the origin, underwent activation induced cell death (data not shown). We further tested the CD4 + T-cell response to two HLA-DR3 restricted CYP2D6 peptides (33) and found that both hepatic ( Fig. 5B ) and splenic ( Fig. 5C ) CD4 + T-cells from HLA-DR3 mice responded to the peptide. To test if there was an intrinsic functional difference in T-cells between the two types of mice, we stimulated total splenic T-cells with anti-CD3 with or without anti-CD28. As shown in (Fig. 5D+E) , there was no difference in T-cell response to anti-CD3, indicating that the introduction of HLA-DR3 transgene does not alter T-cell function and indirectly supporting the antigen specificity of the T-cell response to CYP2D6.
B-cells from HLA-DR3 NOD mice produced more Th1 associated immunoglobulin after immunization
To investigate the B-cell response to immunization, we tested serum Ig isotypes in HLA-DR3 mice immunized with autoantigen or control adjuvant. Immunization promoted the increase of most of the Ig isotypes IgG2a, a classical Th1 driven isotype was the only isotype significantly higher in antigen-immunized mice compared with the control group (Fig. 6 ).
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Immunized HLA-DR3 and WT NOD mice have a distinct gut microbiota
Recent studies have suggested that gut microbiota play an important role in health and disease including autoimmune disorders (39) . To investigate whether gut microbiota was involved in the present AIH model induced by autoantigen immunization, we performed 16S rRNA sequencing of the fecal samples collected from HLA-DR3 and WT NOD mice 6 months after CYP2D6/FTCD immunization, at the peak of the ALT levels. It is intriguing that the composition of gut microbiota in HLA-DR3 mice was strikingly different from that of the WT NOD mice immunized with the same antigen both in terms of phylogenic diversity (PD, or alpha diversity) ( Fig. 7A ) and beta diversity (Fig. 7B , principal component analysis, PCA). Taxonomic analysis also revealed that the difference was at various taxonomic classification levels (Fig. 7C ).
Discussion
We have developed a novel 'humanized' mouse model of AIH through immunization of human HLA-DR3 transgenic NOD mice with CYP2D6/FTCD. Immunization with these liver autoantigens induces a chronic liver injury that closely mirrors human AIH, indicating that the human HLA-DR3 gene is crucial for the development of this disease.
After immunization with CYP2D6/FTCD, HLA-DR3 NOD mice developed anti-LKM1/anti-LC1 antibodies, the same autoantibodies in patients with AIH (40) .
Anti-LKM1/anti-LC1 were also present in control immunized WT NOD mice, a finding reminiscent of the C57BL/6 mouse model (20, 41) , which produced a similar antigen specific humoral immune response after exposure to the CYP2D6/FTCD antigenic construct containing also IL-12. This is possibly due to the homology between murine and human FTCD (LC1) immunogen, whereas anti-LKM1 seen in the immunized mice is human specific as there is not a single equivalent protein to human CYP2D6 in mice (mouse CYP2D9 and/or CYP2D22, Lapierre, unpublished data). Of note, however, in our model the production of antigen-specific autoantibodies was significantly higher in HLA-DR3 immunized mice when compared to adjuvant treated controls, underscoring the importance of this autoimmunity predisposing HLA allele in the presentation of the autoantigen. The autoimmunity predisposing role of HLA-DR3 is further emphasized by the observation that HLA-DR3 immunized NOD mice developed the highest levels of ANA, an autoantibody characterizing AIH-1 but also present in patients with AIH-2 (5) . The background autoantibody production in the control immunized WT NOD mice is likely to reflect the expression of multiple autoimmune susceptibility genes in this strain (24) (25) (26) .
In our humanized mouse model of AIH the liver injury is particularly marked and . It is noteworthy that the epitope-specific response by LMNC was much stronger, although it was not statistical significant due to the variation. The likelihood that cellular immune responses are instrumental to severe liver damage in immunized HLA-DR3 NOD mice is supported by the finding of marked T-effector cell activation in their liver. Not only did these mice show an increase in hepatic cytotoxic CD8 T-cells, but the T-cells infiltrating the liver expressed strong Th1 and Th17, and weak Th2, profiles, as they produced more IFN-γ, TNF-α, and IL-17, and less IL-4 than the non-immunized controls. The predominant Th1 response was also mirrored by a significant increase of IgG2a levels, whose production 21 is Th1 dependent.
The pathogenesis of autoimmune liver disease is multifactorial and the autoimmune attack of hepatocytes in AIH is reportedly facilitated by impaired immunoregulatory control by CD4 + CD25 + FOXP3 + Tregs (42, 43) . In this context it is of interest that the frequency of The novelty of our model is that it combines the advances made by previous mouse models of AIH and human susceptibility gene HLA-DR3. First, we selected the well established autoantigen, human CYP2D6/FTCD fusion plasmid that was able to induce some liver damage, but the hepatic injury mediated by the autoantigen induced AIH in our HLA-DR3 mice is more severe (higher serum ALT level and autoantibodies, worse liver histopathology and impaired Tregs function). Second, it is known that NOD genetic background harbors multiple autoimmune susceptibility genes (24) (25) (26) and a recent study by
Hardtke-Wolenski and colleagues confirmed that the liver damage was induced in NOD mice but not in C57BL/6 or FVB/N mice at 12 weeks after immunization with human FTCD coding adenovirus infection (21) , Third, most of autoimmune disorders in humans are strongly associated with HLA-DR genes and Chella David's group has provided the in vivo evidence for the association with multiple sclerosis, rheumatoid arthritis and lupus using different transgenic C57BL/6 mice expressing HLA-DR2, HLA-DR3 and HLA-DR4 (27, 45, 46) amongst others. Using a similar approach, we also demonstrated the importance of 22 HLA-DQ8 in autoimmune type 1 diabetes (T1D) in vivo (47) and the unexpected regulatory role HLA-DR4 in T1D (48) . In these models, mice baring HLA-DR or DQ susceptibility gene had a stronger autoimmune phenotype compared to their wild type (WT) counterparts, elucidating the permissive role of particular HLA molecules in autoimmunity. In parallel, our current mouse model of AIH also evolved a stronger autoimmune response to CYP2D6/FTCD liver autoantigen in HLA-DR3 NOD mice compared to WT NOD mice.
Another significant novelty of our current study is that we provide an important link between gut microbiota and AIH. While gut microbiota is known to play an important role in both health and disease, including autoimmune disorders (39, 49) , little is known about its role in AIH, either in humans or in animal models. We found that the composition of gut microbiota in HLA-DR3 mice at the time of liver damage is significantly different from that of WT NOD mice. There is a reciprocal influence between the gut microbiota and the adaptive immune system: whether the shaping of the microbiota due to the possession of HLA-DR3 is involved in the development of liver centered autoimmunity needs to be further investigated both in humans and animal models.
In summary, we have established a humanized HLA-DR3 mouse model that mirrors closely the biochemical, histological and chronically progressive course of human AIH. Our study supports the strong HLA-DR3 influence on the development of AIH, as confirmed in our recent AIH family study, where a higher frequency of homozygous DR3 was found in pediatric patients with AIH than in their first-degree healthy relatives (50) . Moreover, our study indicates that gut microbiota may play an important role in AIH. This mouse model will provide opportunities not only for further elucidating the pathogenesis of AIH, but, more importantly, for evaluating the efficacy and safety of novel therapeutic interventions. 
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